Objectives-The aims of this study were to construct reference ranges for the time interval parameters of the ductus venosus during the early second trimester of pregnancy and to demonstrate the clinical utility in various fetal disorders.
I
n the fetal circulation, the ductus venosus is a venosus shunt connecting the umbilical vein and inferior vena cava. It provides the important function of carrying highly oxygenated blood from the placenta directly to the fetal heart and brain. 1 During the early second trimester of pregnancy, about 30% of fetal blood is distributed through the ductus venosus, which decreases to 18% at 31 weeks' gestation. 2 The ductus venosus blood flow velocity waveforms reflect the fetal cardiac cycles. The maximal forward flow velocity corresponding to ventricular contraction is represented by the S-wave. When the atrial pressure decreases, fetal blood from the veins flows into the atrium. At the end of ventricular systole, the atrioventricular valves return to their equilibrium point, causing an increase in pressure in the atrium, producing the V-descent. The second peak forward flow velocity in the ductus venosus occurs during the passive ventricular filling period (D-wave). At this point, the ventricular muscles relax; the pressure within the ventricle drops below the pressure in the atrium; and the atrioventricular valves open. Finally, the atrium contracts, and blood is rapidly ejected to the ventricle. The rising atrial pressure produces the a-wave in the ductus venosus waveform ( Figure 1 ). 3 Ductus venosus profiles are useful in the assessment of the fetal hemodynamic status. Pregnancies complicated by fetal cardiac anomalies, especially cases of right heart obstruction, [4] [5] [6] monochorionic twin pregnancy with unbalanced blood flow between the fetuses, 7, 8 and placental dysfunction, 9 are associated with abnormal ductus venosus indices.
Three previous studies focusing on the time interval analysis of the ductus venosus reported different variables. [9] [10] [11] Only 2 studies 9,11 with some overlapping patients covered the early second trimester of pregnancy, which is the key moment for detailed anatomic scanning, particularly fetal echocardiography, and for invasive fetal therapy in select cases. Therefore, this study was intended to construct normal reference ranges for the ductus venosus between 15 and 22 weeks' gestation to be applied as supplementary tools for assessing fetuses with cardiovascular dysfunction.
Materials and Methods
This cross-sectional study was conducted at Songklanagarind Hospital between March 2016 and June 2016 and included 331 singleton pregnancies between 15 and 22 weeks' gestation. The participants were low-risk pregnancies without medical disorders, substance abuse, or smoking behavior. Gestational age was estimated from the last menstrual period and corrected by crown-rump length measurement during the first trimester of pregnancy. All fetuses had normal results from a standard second-trimester anatomic survey. 12, 13 The healthy neonates were confirmed by postnatal evaluation. This study was approved by the Ethics Committee, Faculty of Medicine, Prince of Songkla University. Informed consent was obtained from all participants before the study began.
The Doppler flow studies were performed by a single experienced investigator using a Voluson E8 ultrasound system (GE Healthcare, Milwaukee, WI). The ductus venosus waveforms were obtained from the midsagittal plane of the fetuses at the lowest possible angle of insonation and less than 30 8 without fetal breathing or gross body movements. Pulsed Doppler images with at least 3 consecutive good-quality waveforms were retrieved from the internal hard drive of the ultrasound machine for analysis.
The following time interval variables were assessed: systolic acceleration time from the a-wave to peak Swave, systolic deceleration time from the peak S-wave to V-descent, diastolic acceleration time from the V- descent to peak D-wave, and diastolic deceleration time from the peak D-wave to a-wave. The systolic time and diastolic time were designated as the total systolic time (systolic acceleration time 1 systolic deceleration time) and diastolic time (diastolic acceleration time 1 diastolic deceleration time), respectively.
The data were analyzed with Stata version 14.2 software (StataCorp, College Station, TX). Scatterplots were created to determine the distribution of each time interval variable according to gestational age. To establish the median regression line, transformation was used if necessary to achieve a symmetric distribution (inverse for systolic deceleration time, log for diastolic acceleration time and diastolic deceleration time, and inverse square root for diastolic time). Then the 5th and 95th percentile regression lines were calculated on the basis of median regression line 6 1.64 3 SD of residuals from the median regression. Eventually, the reference ranges were created from the original or back-transformed data, and regression lines were plotted against gestational age to take advantage of the actual situation.
To demonstrate the clinical utility of reference ranges for the ductus venosus time interval variables, fetuses with fetoplacental abnormalities that affect the cardiovascular system were recruited (n 5 37). The ductus venosus waveforms of fetuses with congenital heart diseases (n 5 8), twin-twin transfusion syndrome consisting of stages I (n 5 8), II (n 5 7), and III (n 5 3) from Quintero et al, 14 intrauterine growth restriction (n 5 8), and fetal anemia (n 5 3) who attended our institution from 2012 to 2017 were reviewed. The time interval parameters of the ductus venosus were assessed and plotted against the normal reference ranges. The Wilcoxon rank sum test was used to estimate the probability that the values for each pathologic condition would be obtained in healthy fetuses. P < .05 was considered statistically significant.
Results
The reference ranges were constructed from 331 pregnant women with healthy fetuses. All participants were of the Thai nationality with a mean age of 31 years. Demographic data and obstetric outcomes are presented in Table 1 .
The best-fitting regression equations showing the relationship between the time interval parameters of the ductus venosus and gestational age are presented in Table 2 . During the early second trimester of pregnancy, the systolic acceleration time increased significantly with advancing gestation from 136 milliseconds at 15 weeks to 151 milliseconds at 22 weeks (P < .001), whereas the systolic deceleration time remained constant (135 to 136 milliseconds). In the diastolic phase, the diastolic acceleration time was stable at 59 to 60 milliseconds, whereas the diastolic deceleration time decreased significantly from 59 to 55 milliseconds (P 5 .023). Overall, the systolic time increased significantly from 272 to 287 milliseconds throughout the early second trimester (P < .001), whereas the diastolic time decreased slightly (118 to 115 milliseconds). The predicted reference ranges from the time interval analysis of the ductus venosus at 15 to 22 weeks' gestation are presented in Figure 2 and Tables 3 and 4 .
In congenital heart disease, intracardiac disorders associated with tricuspid insufficiency, including tricuspid valve dysplasia, pulmonary atresia with an intact ventricular septum, a partial atrioventricular septal defect, and hypoplastic left heart syndrome with tricuspid valve dysfunction, showed a significantly decreased systolic acceleration time (P < .001), whereas the diastolic acceleration time, diastolic deceleration time, and diastolic time increased significantly (P 5 .0014; P 5 .0011; P < .001, respectively). In cases of outflow tract abnormalities, tetralogy of Fallot, and a double-outlet right ventricle, the ductus venosus time interval variables were not significantly different (Figure 3) .
In monochorionic twin pregnancies complicated by twin-twin transfusion syndrome, the ductus venosus timing changed even in Quintero stage I. 14 The ductus venosus time intervals in the recipients showed that the systolic acceleration time and diastolic acceleration time decreased significantly (P 5 .0035; P 5 .004), whereas the systolic deceleration time, diastolic deceleration time, and systolic time increased significantly compared with the healthy fetuses (P < .001; P 5 .0029; P < .001).
In the donors, the systolic acceleration time and systolic time had a downward trend (P 5 .0014; P 5 .0098), whereas the diastolic deceleration time and diastolic time had an upward trend (P < .001; P 5 .0012; Figure 4 ).
Although not all alterations of the ductus venosus time intervals in fetal growth restriction were the same, they were very similar as those of the donor twin. The systolic acceleration time and systolic time decreased significantly (P < .001), whereas the diastolic deceleration time and diastolic time increased significantly (P < .001; Figure 5 ).
In anemic fetuses, the systolic acceleration time and diastolic acceleration time decreased significantly (P 5 .003; P 5 .0033), whereas the systolic deceleration time, diastolic deceleration time, and systolic time increased significantly (P 5 .0029; P 5 .0115; P 5 .0051). The diastolic time remained unchanged (P 5 .3986; Figure 6 ).
Discussion
The ductus venosus is only a small blood vessel, but it has remarkable physiologic importance in the fetal venosus system. It transports high levels of oxygen and nutrients from the placenta straight to the heart; therefore, it plays a role in the diagnostic assessment of a fetal hemodynamic imbalance. In our study, in the early second trimester of pregnancy, the systolic time increased significantly particularly in the accelerating phase. In contrast to ventricular contraction, the decelerating period of ventricular filling was significantly reduced. The changing trends in the systolic phase of the ductus venosus established in this study were in accordance with previous reports.
9,11 Gallarreta et al 10 also illustrated that the venosus acceleration time of the ductus venosus increased significantly from 22 to 26 weeks, but in the diastolic phase, the predicted directions were quite different. Nakagawa et al 11 found that both the accelerating and decelerating periods of ventricular diastole were strongly positively correlated with advanced gestation. The different outcomes could have been due to ethnicity or the Doppler measurement technique or could have been the result of a small sample size during the early second trimester of pregnancy in the previous study. 11 The significant elevation of the systolic time in the ductus venosus is supported by evidence that the ventricular volume and cardiac output of the fetal heart increase with advancing gestation. 15, 16 For the time frame analysis of the myocardial performance index, a longer ejection time during the early second trimester of pregnancy 17, 18 can explain the significantly increased systolic acceleration time and total systolic time. In contrast to the diastolic deceleration time, atrial systole was significantly decreased. This decrease seems to be the result of the maturation of the atrium, especially for contractility. Similarly, in a previous study, Yang et al 19 demonstrated that the myocardial velocity of the atrium increased with advancing gestation. Fetal conditions that affect the cardiac function can produce abnormal ductus venosus waveforms. Cases of intracardiac anomalies and fetuses complicated by tricuspid regurgitation were associated with changing of the ductus venosus times. Impairment of systolic function leads to a decreased ventricular ejection time and stroke volume, 20, 21 consistent with the shorter early systolic time in this study. The longer diastolic time components could be explained by diastolic failure from tricuspid valve incompetency. A study by Inamura et al 20 found that the isovolumic relaxation time was significantly increased in tricuspid valve disease. In cases of outflow tract abnormalities, the ductus venosus time interval parameters were unchanged compared with the normal reference values, same as the peak velocity index for veins of the ductus venosus reported by Berg et al. 5 Twin-twin transfusion syndrome caused by unbalanced vascular anastomoses in the placenta occurs in 10% to 15% of monochorionic twin pregnancies. 22 The donor twin was characterized by fetal growth restriction, whereas the recipient was complicated by hypervolemia and high-output cardiac failure. Ductus venosus waveforms play an important role in severity determination via the Quintero staging system. 14 Our study found alterations of the ductus venosus time interval variables even in the early stages of twin-twin transfusion syndrome. The shortening acceleration phase of ventricular contraction in the donor twins was in accordance with a previous report. 7 Another study suggested that the reduction of the systolic time was caused by decreased ejection forces and cardiac output from hypovolemia. 23 Contrary to the donors, the recipients had longer total systolic times, resulting from an increased cardiac preload. Lee et al 17 determined the myocardial performance index of twin-twin transfusion syndrome recipients and found that both the isovolumic contraction time and isovolumic relaxation time increased compared with the normal reference values, supporting our results that the early systolic and diastolic times of the ductus venosus decreased. Comparing twin-twin transfusion syndrome recipients with donors, Bensouda et al 8 found that the recipients had a significantly decreased early diastolic time and total ventricular filling time (corresponding to the diastolic acceleration time and diastolic time, respectively), which is what we also found. Shortening of the early ventricular filling time was affected by the reduction of diastolic compliance from ventricular hypertrophy. 24 The awareness of ductus venosus time intervals can also be of benefit in terms of monitoring the response to treatment. Tachibana et al 7 reported significant divergences of time interval measurements after fetoscopic laser coagulation of anastomotic vessels; a decreased systolic deceleration time with a simultaneously increased diastolic acceleration time in the recipients may reflect an improvement in cardiac function. 7 In fetal growth restriction, the ductus venosus abnormalities are produced by increased placental resistance, myocardial dysfunction due to hypoxia, and increased ductus venosus shunting from autoregulation. 25 The systolic time decreased significantly, whereas the diastolic time increased significantly. These changes were similar to those in a previous report by Wada et al. 9 Crispi et al 26 found a shortened ejection time with a prolonged isovolumic contraction time and isovolumic relaxation time, giving further evidence of both systolic and diastolic impairment in fetal growth restriction.
In fetal anemia, myocardial performance increases to maintain sufficient tissue perfusion. 27 Hecher et al 28 reported that the ductus venosus blood flow velocities increased significantly; however, indices such as the peak velocity index and pulsatility index for veins were not different compared with healthy fetuses. Our study found significant changes in the ductus venosus time interval variables in anemic fetuses. The systolic time, especially in the deceleration phase, and atrial contraction time were significantly longer than in healthy fetuses as a result of an increased circulatory volume. 28 Shortening of early systolic times can be explained by the increasing ventricular contractility and peripheral vasodilatation. The strength of this study was that it included an adequate sample size for each gestational age, making the reference ranges more precise and valid. We also documented the clinical benefits of ductus venosus time interval measurements. To the best of our knowledge, this work is the first study to demonstrate alterations of ductus venosus time intervals regarding congenital heart disease and fetal anemia.
In conclusion, we have offered reference ranges from a time interval analysis of the fetal ductus venosus during the early second trimester of pregnancy, which will be useful supplementary tools for fetal cardiovascular assessments. Further studies with adequate sample sizes of various pathologic cases are required to provide standard guidelines for clinical practice.
